This study presents an analysis of an existing biogas engines-powered cogeneration system installed in Varna Wastewater Treatment Plant, Bulgaria using thermoeconomic method. The thermoeconomic analysis is conducted using three different groups of environmental conditions. The SPECO (specific exergy cost) method is applied to the system and cost balance equations are formulated for each component. The fuel F and the product P rules are used to obtain auxiliary equations. Moreover, in this paper, various thermoeconomic performance parameters such as the cost of exergy destruction, the relative cost difference and the exergoeconomic factor are determined. The obtained results show that the specific unit exergetic cost of the electrical power produced by the cogeneration system are found to be 30.0€/GJ = 0.11€/kWh, while the conducted thermoeconomic analysis based on energy delivers a result of 0.19€/kWh for the electrical work produced by biogas engines. In addition, the obtained results are compared to those seen in similar studies.
INTRODUCTION
Growing interest about energy efficiency of thermal systems has led to the presence of many studies dealing with development of methodologies for cost allocation and thermoeconomic optimization of energy conversion systems. Some authors [1] [2] [3] [4] introduce energy as a base for assessment and monetary cost calculations. Nevertheless, analyses based on firs law of thermodynamics are inadequate for evaluating some features of energy resource utilization [5, 6] . Therefore, this paper claims that if the objective is optimization, specifying the saving opportunities (i.e. energy audit) or determining of unit product cost of an installation, a detailed study of thermodynamic irreversibilities occurring within system components should be carried out.
Some researches including [7] , [8] and [9] conducted thermoeconomic analysis of diesel engine powered cogeneration (CHP) systems. Surveys such as that performed by Cavalcanti and Motta [10] and Tempesti et al. [11] examined the relationship between monetary unit costs and exergy destruction of CHP systems with integrated renewable energy resources. Trigeneration systems are investigated from thermoeconomic point of view by Palomino and Nebra [12] , Temir and Bilge [13] , and Balli and Aras [14] . A large and growing body of literature has investigated gas and steam turbine based cogeneration systems [15] [16] [17] . In recent years, an increasingly studies reported results of the thermoeconomic performance parameters of biomass burned CHP systems [18] [19] [20] [21] [22] .
Although a recent study by Abusoglu et al. [23] investigated a similar to this cogeneration system, it can be argued that there is an area required applying of the thermoeconomic methodologies to the combined heat and power system fueled biofuels. Furthermore, in reviewing the literature, no surveys was found on thermoeconomic performance parameters of CHP systems located in Bulgaria, and an undeniable fact is that the thermoeconomic analysis, especially the optimum between thermodynamic and economic parameters, immediately depends on the system location.
Therefore, this paper seeks to remedy the highlighted gap of knowledge in the field of the study by conducting the thermoeconomic evaluation based on exergy analysis with economic principles of the biogas engines powered CHP system. Thus, it is possible to explain the process of cost formation of products and, then, to formulate the theoretical framework of the procedures for exergy saving and optimization.
For this purpose, the paper begins by formulating of the cost rate balances for each component of the cogeneration system separately by applying of the SPECO method. It will then go on to determining of various thermoeconomic performance parameters, such as exergoeconomic factor, relative cost difference and cost rate of exergy destruction. Finally, the results obtained from thermoeconomic analysis are compared with those from traditional economic cost analysis.
Conducting the introduced methodology for thermoeconomic analysis of a cogeneration system driven by biogas engines, it is possible to get a notion about the real picture of the products costs of the system, that are observed on the Bulgarian market. The results of the current investigation, as well as the availability of the similar systems operating in various Bulgarian wastewater treatment plants creates the possibility to launching the work out strategies for the sustainable development of biogas technology in Bulgaria, based on real data.
DESCRIPTION OF THE SYSTEM
This study is made for a cogeneration plant driven by biogas internal combustion engines (ICE) and its purpose is to utilize the methane produced as a by-product of the sludge stabilization process at Varna Wastewater Treatment Plant (Varna WWTP) (Figure 2 ). The plant consists of two CHP modules, each of which is driven by ICE burned biogas -model Cento T300 SP BIO+ZP (Tedom) (Figure 1 ). The plant produced electrical energy and hot water. The electricity is generated by two, biogas engine actuated generator set. Each of the biogas engines -generators sets produce 320kW electricity at 100% load. The current thermoeconomic model of the cogeneration plant was made for typical operation conditions of the system, namely 75% load. For these conditions the system produces 2x240kW electricity.
In the heat exchanger (HEX) of the plant, high temperature exhaust gas energy is used to heat water. Thus, the produced hot water has mass flow rate 7.6 kg/s. The heat energy consumption depends on thermal needs of mesophilic fermentation process, occurring within the digesters. Therefore, it seems that the thermoeconomic analysis should be conducted using different groups of ambient reference conditions. In current investigation, the temperature, pressure and relative humidity of the different dead (environmental) states are taken as follows:   .
THERMOECONOMIC ANALYSIS OF THE BIOGAS POWERED COGENERATION SYSTEM
In this study, the thermoeconomic analysis consists of the conventional exergy analysis and economic analysis. An aim of the performed here thermoeconomic analysis is to reveal the process of cost formation and assess unit exergy cost of product streams. This calls the use of cost rate balances formulated for each component of the cogeneration system separately.
For a unit operating in steady state, the cost rate balance is defined as given below [24, 26] :
where:
Therefore, the cost rate associated with exergy of the product, P C  , is the sum of the cost rate associated with exergy of the fuel, F C  , capital investment (CI) and operating and maintenance costs (O&M). The term k Z  is determined by first calculating the carrying charges (CC) and O&M costs of the CHP system. This was performed in economic analysis of the plant [25] . After that are computed the levelized values of these expenditures per unit of time (hour) of system operation and associated with the kth component using the following expression [24] :
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Applying Eq. (1) to the components of the system yields many unknowns and requires auxiliary equations to determine all cost per unit exergy entering and leaving control volumes of the system. These auxiliary equations are written according to the F (Fuel) rule and P (Product) rule [26] and along with the cost rate balances are presented in Table 1 .
THERMOECONOMIC PERFORMANCE PARAMETERS FOR COMPONENT EVALUATION
The thermoeconomic performance parameters include the cost of exergy destruction, the relative cost difference and the exergoeconomic factor. The approach used for determining of the thermoeconomic performance parameters is described in the following paragraphs. 
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The thermoeconomic performance parameters include the cost of exergy destruction, the relative cost difference and the exergoeconomic factor. The approach used for determining of the thermoeconomic performance parameters is described in the following paragraphs.
In cost rate balances formulated for the cogeneration system components (Table 1) , there is no term directly associated with exergy destruction, i.e. the cost rate of exergy destruction is hidden cost and it can be determine only by thermoeconomic evaluation on component level. According to the assumptions made in this paper, the cost rate of exergy destruction of the kth component can be defined by [24] , [26] :
Another parameter determined in this study is the relative cost difference, r. This variable expresses the relative increase in the unit exergy cost between fuel and product of the component and it is defined by [24, 26] :
In evaluating the thermoeconomic performance of a component, it is useful to know the contribution of the non-exergy related cost (CI and O&M costs) to the total cost increase. This is provided by the exergoeconomic factor represented by the following equation [24] , [26] :
RESULTS AND DISCUSSION
In this study, the SPECO method is applied to an existing CHP system which uses biogas engines. The following assumptions were made during the analysis:
(i) The CHP system and its components operate at steady state;
(ii) The exergy flow rates (
and i x E  ) exiting and entering the kth component of the CHP system are calculated in another study conducted by authors [6] . It was conducted error analysis of the thermodynamic model, comparing the measured and obtained numerical data at some states of the system [25] ; (iii) The annual carrying charges and operating and maintenance costs are apportioned among the system components according to the contribution of each component to the sum of purchased-equipment costs [24] ; (iv) A zero unit cost is assumed for air entering mixer (M); 
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(v) The average unit cost of the electrical energy entering water pumps (WP1a,b; WP2 and WP3) and the water entering the CHP system is assumed according to the current prices of electricity distribution company and municipal water and sewage department, respectively;
(vi) The exergy of product (
) is fixed and the unit cost of fuel ( k F c , ) of the kth component is independent of the exergy destruction. According to assumption (ii) and Eq.(6), the term k Z  is calculated with the assistance of the annual levelized carrying charges (CC), O&M costs and total purchased equipment cost (PEC) of the CHP system and its components. Using the data published in another investigation [25] , the hourly levelized CC and O&M costs are 247610.44€ and 30181€, respectively. Furthermore, the total annual number hours of system operation at 75% load (τ), the life time of the system (n) and capital recovery factor (CRF) are taken as 5256 h, 20 yr and 0.07708, respectively [25] . The hourly levelized total costs of the kth system component are presented in Figure  3 and Table 2 .
Annual fuel cost rate of biogas, L FC , is calculated by Doseva, N.
[25] to be 151982.90 €/yr. On exergetic base, the hourly levelized fuel cost rates is 28.82€/h. The average unit exergy cost of total fuel entering a CHP module,c1, is calculated as 0.022 €/kWh. Table 2 is clear that the biogas engines, the generator and the air-cooled radiator are components with the higher value of the parameter k Z  due to high values of the hourly levelized carrying charges and O&M costs of the components.
Using Eq. (1) and P-and F-rule [26] to each system component lead to system of linear equations and unknowns indicated by equations in Table 1 . This system of linear equations is solved to obtain the cost per unit exergy associated with each stream of the cogeneration system. The obtained results at the summer operating condition of the CHP system are presented in Table 2 and a cost flow diagram of the part of the system is shown in Figure 5 .   ) is 30.0€/GJ = 0.11 €/kWh, while the same cost of the by-product (thermal energy) is 0.42€/GJ. Moreover, as can be seen from the table above, the cost flow rate associated with gases leaving the heat exchanger (HEX) and exhaust to the environment is 2.27€/h. Figure 4 compares the obtained results of the unit exergy cost of the produced net electrical energy at the considered different groups of ambient reference conditions. This figure seems to show generally closer values. On the other hand, there is a trend of decreasing of the unit exergy cost of produced electricity with declining of the ambient temperature. These results may be explained by the fact that the exergy efficiency of the CHP system slowly increase with decreasing of the reference temperature [25] .
To verify the results of calculation of the flow costs of the system, some previous studies are reviewed. The data obtained in these studies is listed in Table 3 . Table 3 shown that there are similarities between the unit exergy cost of the net electrical power produced by the CHP system calculated in this study and this presented by Abusoglu et al. [23] . Although the cited paper also investigates the process of cost formation of the products of a biogas engine powered CHP system, the slight difference in the exergy costs is due to variation of the fuel price, the power capacity of system, the type and purchased cost of equipment and the system location Referring to the data in Table 3 , a comparison of the unit cost of produced electricity with those of the other configurations cogeneration systems reveals the following: the unit exergy cost of electricity produced by gas turbine (GT) based cogeneration systems is with the range 0.05€/kWh -0.1€/kWh, while the stream turbine (ST) based CHP systems are characterized by unit exergy cost of produces electrical power around 0.11€/kWh [17] . The unit exergy cost of produced electricity, however, declined sharply to 0.03€/kWh when a diesel engine based cogeneration systems is used [7] and it is scarcely smaller in case of external combustion engine powered CHP system [27] . An existing trigeneration system located in Turkey [14] has an exergy cost per unit produced electrical power amounting to 0.15€/kWh and it is somewhat bigger than the electricity cost of the analyzed system. In general, therefore, it seems that the investigated CHP system produces electrical power with price, which is competitive to others configurations CHP systems and those with integrated renewable energy resources.
The cost of exergy destruction, the relative cost difference and exergoeconomic factor of the CHP system components at the summer operating conditions of the CHP system ( 0 298. Table 4 . From this data, we can see that components such as heat exchangers (PHEX CC, HEX, ACR and TCC) and water pumps (WP3, WP2 and WP1a,b) have very high values of the relative cost difference. These results may be explained by the fact that their values of the cost per unit exergy of the product are many times greater than the cost per unit exergy of the fuel due to high value of exergy destruction rate and low values of exergy efficiency for these components determined in another study [6] . This statement is somewhat confirmed by the exergoeconomic factor values. Among all the system components, it is noticeable that the heat exchangers (PHEX CC, HEX and ACR) have high values of exergoeconomic factor. The exergoeconomic factor results of PHEX CC, HEX and ACR may be explained by the fact that the investment and O&M costs are greater than the costs rate of exergy destruction of these components, and the low values of cost rate of exergy destruction are caused by low exergy cost of the fuel. Not always, however, high values of rk lead to high value of fk. An example of this is a case of the mixer (M) -the relative cost difference is determined as 8.47% and it is one of the lowest values, while the exergoeconomic factor is calculated to be 95.53%. , the biogas engines (BEa,b), the generator (G), heat exchanger (HEX) and the air-cooled radiator (ACR) can be considered as the most important system components from thermoeconomic optimization point of view and it remains unchanged at the considered different groups of ambient reference conditions ( Figure 6 ). The biogas engines and generator have the highest value of
, but their values of the relative cost difference are not among the highest. Furthermore, according to previous studies made by author [6] , [33] , the exergy efficiency of the generator is very high (96%), while the exergy destruction of the BEa,b that can be avoided is a small part (18% of total exergy destruction within this component) due to the source of the thermodynamic inefficient in this unit -the chemical reaction of combustion, which is a high irreversible process. Therefore, the second highest value of the sum could not be decreased. It would to be appropriate to investigate, however, how a slightly increasing of the biogas engines exergy efficiency may be affect to the overall cost effectiveness.
The heat exchanger (HEX) and the air-cooled radiator (ACR) are the components having the next highest values of
The high values of fk and rk suggest that it would be cost effective to decrease their capital investments and to increase their exergy efficiencies.
According to the control algorithm of the CHP system, ACR and WP3 are switched on when the temperature of the returned from the digesters water, T22, becomes equal to 68˚C. At the winter ambient reference conditions, the thermal needs of mesophilic fermentation process, occurring within the digesters are high. Thus, the temperature of the returned from the digesters water is below 68˚C and, as can be seen from Figure 6 , the aircooled radiator is not exploited at the winter operating conditions. Therefore, the heat exchanger (HEX) is the third major component from thermoeconomic optimization point of view. Consequently, if partial load of the CHP modules be changed, the optimum between the thermodynamic and economic system parameters could be achieved. Table 4 that the smallest value of the sum
It is apparent from
is observed in the water pumps (WP1a,b and WP2), the turbochargers (TCa,b) and the 3-way valve (V). Contribution of these components to the process of cost formation of the products in the CHP system is insignificant. Figure 6 . The most important system components from thermoeconomic optimization point of view at different ambient reference conditions Both thermoeconomic and traditional economic cost analysis ensure the attribution of all system expenditures (capital investment, O&M costs, fuel cost and etc.) to the costs of electricity and heat produced. Notwithstanding, from the Figure 7 we can see that there is a difference between the results obtained by the two methods.
The analysis of the results presented in Figure 7 reveals that the thermoeconomic cost of produced electrical power relative to cost of thermal energy is comparable to that of market price of electricity to thermal and this statement corroborates the idea of Bagdanaviciusa, Sansom et al. [15] , who suggested that the thermoeconomic analysis provides a better estimate of heat value than that from the economic cost analysis. This is because of the fact that the economic analysis does not take into account the quality of the products of the system. 
CONCLUSION
This paper has explained processes of cost formation in a cogeneration system driven by biogas engines by applying the thermoeconomic analysis based on the SPECO method. One of the more significant findings to emerge from this study is that the specific unit exergetic cost of the net electrical power and heat energy produced by the biogas engine driven cogeneration system, situated in Bulgaria are calculated to be 0.11 €/kWh and 0.01 €/kWh, respectively. An issue that was not addressed in this study was how some design parameters have an effect on the cost of the total system product.
Returning to the problems and aims posed at the beginning of this study, it is now possible to state that the thermoeconomic interconnections of the components were defined, and the correct theoretical framework for optimization can be determined. It is clear that, if the optimization objective is to increase the thermodynamic efficiency of the major system components or the overall CHP system on account of declining cost of the system product, it is necessary to find the extremum of a clearly defined function. This function should be expressed as a quantitative relationship between irreversibility of the thermodynamic processes, the capital investment and the O&M costs of the system components. The obtained results demonstrate exactly the relationship between the monetary costs, exergy destruction and losses within the analyzed CHP system.
Further research should be undertaken to investigate the sensitivity of objective function from changing of the design parameters and after that to perform the optimization of the system, i.e. to search the minimum of the defined above total cost function, tot C  .
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NOMENCLATURE
C  -exergy cost rate, €/h c -unit exergy cost, €/kWh CRF -capital recovery factor x E  -exergy flow rate, kW D x E -exergy destruction rate, kW f -exergoeconomic factor, % n -life time of the system, years r -relative cost difference, % W  -work rate or power, kW Z  -levelized capital, operating and maintenance cost per unit time, €/h  -relative humidity of the air, %  -annual number hours of system operation at 75% load Subscripts D -destruction e -exit F -fuel i -inlet k -kth component L -levelized L -losses P -product q -heat tot -total w -work ACR -air-cooled radiator BEa,b -biogas engine CC -carrying charges CCa,b -cooling charger CHP -combined heat and power CI -capital investment ECA -economic cost analysis FC -fuel cost
